Background and Aims To provide additional information to the many phylogenetic analyses conducted within Hordeum, here the origin and interspecific affinities of the allotetraploids Hordeum secalinum and Hordeum capense were analysed by molecular karyotyping.
INTRODUCTION
Unravelling the relationships between the members of Hordeum, one of the largest genera of the family Triticeae, is no easy task since many of its member taxa, including most of the polyploids, are of hybrid origin (Blattner, 2009) . About half of all Hordeum taxa, including cultivated barley, are diploid (2n ¼ 2x ¼ 14), but the genus also includes tetraploid (2n ¼ 4x ¼ 28) and hexaploid (2n ¼ 6x ¼ 42) cytotypes (von Bothmer et al., 1995) .
Most of the polyploids in Hordeum are considered autopolyploids or segmental allopolyploids (Wang and Sun, 2011; Brassac et al., 2012) . However, two tetraploid speciesHordeum secalinum (from Europe and North Africa) and Hordeum capense (from South Africa) -and the hexaploid cytotype of Hordeum brachyantherum (endemic to California), are allopolyploids with a combination of Xa and I genomes (Taketa et al., 1999) . The exact position of these allopolyploids in phylogenies, and their relationships, are among the greatest controversies of Hordeum phylogeny and taxonomy (Petersen and Seberg, 2004; Blattner, 2009; Komatsuda et al., 2009; Taketa et al., 2009; Brassac and Blattner, 2015) .
The close relationship between H. secalinum and H. capense is usually explained by the assumption either that H. capense evolved from H. secalinum or that both evolved from a common ancestor that migrated from Europe to South Africa (Nishikawa et al., 2002; Petersen and Seberg, 2004; Blattner et al., 2010) . Further controversy exists regarding the diploid species involved in the hybridizations that generated the allopolyploids. Different hypotheses regarding the donor of the Xa genome have been proposed, including that either Hordeum marinum subsp. marinum (Nishikawa et al., 2002; Baum and Johnson, 2003; Jakob and Blattner, 2006) or H. marinum subsp. gussoneanum (Petersen and Seberg, 2004; Brassac and Blattner, 2015) was one of the progenitors of both H. secalinum and H. capense. Based on cytogenetic data, the polyphyletic origin of H. secalinum has been assumed to involve two cytotypes, one in which subsp. gussoneanum is the donor of the Xa genome, and one in which subsp. marinum is the donor (Takeda et al., 2009) . The geographic distribution of Hordeum suggests that an Asian diploid (Nishikawa et al., 2002; Petersen and Seberg, 2004; Takeda et al. 2009 ), rather than an American species (Baum and Johnson, 2003) , was the I genome donor, although contradictory results for the sequences analysed mean that no reliable conclusions can be drawn (Brassac and Blattner, 2015) .
Our laboratory recently reported detailed fluorescence in situ hybridization (FISH)-based karyotypes of several Hordeum species that helped clarify their relationships and the origin of their polyploids (Cuadrado et al., 2013; Carmona et al., 2013a Carmona et al., , 2016 . These results prompted a more thorough investigation into the evolution of the karyotypes of other species of Hordeum. The aim of the present work was to characterize the chromosomes of H. secalinum and H. capense, and to clarify the relationship between, and ancestries of, these species. It was assumed: (1) that if H. marinum subsp. marinum, H. marinum subsp. gussoneanum or both were involved in the origin of H. secalinum, their chromosomes ought to be present in different accessions of this species; (2) that the karyotypes produced would reveal whether H. secalinum accessions share the same I genome donor; (3) that the karyotypes produced would show whether H. capense evolved from H. secalinum via a speciation event at the tetraploid level, or whether both taxa evolved by independent allopolyploidization from closely related parental species; and (4) that analysis of the distribution of chromosome markers alongside data from previous analyses of H. marinum taxa (Carmona et al., 2013a) and H. brachyantherum 6x (Carmona et al., 2016) might allow phylogenetic hypotheses to be proposed regarding the relationships between Hordeum species (diploid and polyploids) carrying the Xa genome, as well as reveal the chromosomal changes that occurred during polyploidization and diversification.
MATERIALS AND METHODS

Plant material
Seeds of the Hordeum accessions examined in this study were obtained from the Germplasm Bank at IPK (Gatersleben, Germany) or from the Nordic Genetic Resource Center (NordGen, Scandinavia); some accessions belonged to the Barley Core Collection (BCC). The four accessions of H. secalinum cover the species' entire geographic distribution. The two accessions of H. capense examined came from different locations in South Africa. For comparison, an accession of each of the H. marinum taxa, and the hexaploid cytotype of H. brachyantherum, were included. Table 1 provides detailed information for all the accessions examined.
Chromosome preparation
At least five plants belonging to each accession were analysed. Root tips were obtained from seedlings. Metaphases and chromosome accumulations were prepared using standard techniques (Cuadrado and Jouve, 2007) .
Probes and in situ hybridization
Fluorescence in situ hybridization analyses involved two rDNA probes, pTa71 and pTa794 (which respectively contain 45S rDNA and 5S rDNA from Triticum aestivum L.), and pSc119Á2 and pAs1 (which respectively contain tandemly repeated sequences derived from Secale cereal L. and Aegilops tauschii Coss.). Full probe descriptions, the probe labelling procedures and the FISH conditions used have been reported previously (de Bustos et al., 1996) .
For genomic in situ hybridization (GISH), total DNA of H. marinum subsp. gussoneanum was extracted from young leaves following standard protocols, labelled using the Digoxigenin-Labelled Nick-Translation Kit (Roche Applied Science) and used as a probe without blocking DNA. Hybridization, washing and detection were performed as in FISH.
The probes employed in non-denaturing (ND)-FISH were the oligonucleotides (AG) 10 , (AAC) 5 , (AAG) 5 , (ACT) 5, (ATC) 5 and (CCCTAAA) 3 (hereafter referred to as the telomeric probe). All oligonucleotides were synthesized with biotin (Roche Applied Science) at both ends, as described by Cuadrado and Jouve (2010) .
Fluorescence microscopy and imaging
Slides were examined using a Zeiss Axiophot epifluorescence microscope. Separate images from each filter set were captured using a cooled CCD camera (Zeiss) and processed using Adobe Photoshop, employing only those functions that applied equally to all pixels in the image.
Karyotyping and naming system
The designation of Hordeum genomes and the division of diploid species followed that proposed by Blattner (2009) ; the H genome group thus includes Hordeum vulgare and Hordeum bulbosum, the Xa genome group includes the H. marinum taxa, the Xu genome group includes the H. murinum taxa, and the I genome group includes all the remaining species.
For the karyotyping of H. secalinum and H. capense, the chromosomes of the haploid complement were arranged as two sub-genomes (two sub-sets of seven chromosomes according to the GISH results) and designated by letters (A-G) following the classic nomenclature for Triticeae chromosomes with unknown homeologous relationships. The chromosomes of (Taketa et al., 1999) ; it was therefore assumed that the remaining chromosomes belonged to the I sub-genome. The repetitive sequences pTa71 (45S rDNA), pTa794 (5S rDNA), pSc119Á2 and pAs1 used in FISH identified 5-7 chromosomes [those with both rDNA signals (Fig. 1J ) plus a pair with an interstitial pSc119Á2 signal (Figs 1B and 3C)] depending on the accession examined. In addition, pSc119Á2 returned signals of different intensity in sub-telomeric positions of various chromosomes (Fig. 1B) . pAs1 ( Fig. 3G ) was similarly distributed on the arms of all chromosomes.
Arriving at a detailed karyotype that clearly distinguished each chromosome required the additional use of ND-FISH and the simple sequence repeat (SSR) probes (selecting those that provided chromosome-specific banding patterns). (AG) 10 , (ATC) 5 and (ACT) 5 returned few signals of generally low intensity that were of little use as diagnostic markers. However, most of these hybridization sites co-localized with those for (AAG) 5 and (AAC) 5 , which produced a rich and well-defined pattern of intense signals (Supplementary Data Fig. S1 ) that accurately identified the different chromosomes (Fig. 1C) . The telomeric probe was unable to distinguish any of the chromosomes of these species (Fig. 1L) .
Sequential GISH, FISH and ND-FISH involving the selected probes identified all chromosomes in all the accessions analysed. The karyotypes of H. secalinum (Fig. 2 ) and H. capense (Fig. 3H, I ) obtained using the most informative probes, i.e. 45S and 5S rDNA, pSc119Á2, (AAG) 5 and (AAC) 5 , provided detailed chromosome-specific physical maps. Once the identity of the chromosomes was established, the in situ patterns of the remaining probes were characterized. Accessions BCC2004 and BCC2062 (from the Barley Core Collection) were chosen to represent the pAs1 probe-based karyotypes of H. secalinum ( Fig. 1D ) and H. capense, respectively (Fig. 3D ).
FISH-karyotype of H. secalinum
Four accessions from different European countries were analysed to cover the distribution area of H. secalinum (Table 1) . In metaphases of accessions BCC2004, H231, H3121 and GRA1147, two groups of 14 chromosomes were clearly distinguished by GISH using H. marinum subsp. gussoneanum DNA as probe (Fig. 1A , B, M).
To assess the cytogenetic diversity of H. secalinum, karyotypes of accessions BCC2004, H231, H3121 and GRA1147 were compared, paying particular attention to the patterns of signals revealed with probes pTa71 (45S rDNA), pTa794 (5S rDNA), pScC119Á2, (AAC) 5 and (AAG) 5 (Fig. 2) . Although some differences were found, homologies were easily established among the chromosomes assigned the same letter (A-G) within (sub-)genome Xa or I in different accessions (Fig. 2) .
Hybridization signals of very different intensity were observed with both rDNA probes in up to five chromosome pairs in the H. secalinum accessions ( Fig. 1J ; Fig. 2A -D, top rows). Polymorphism for the presence/absence of some ribosomal signals (arrows in Fig. 1J ) was observed among accessions, but not among plants of the same accession. As expected, the only satellitized chromosome observed in this species (chromosome GI) showed the strongest 45S signals, although a 45S locus was observed on the short arm of chromosome FI in all accessions. Three 5S loci were also observed in all accessions, i.e. on the distal locus of the long arm of the small and metacentric chromosome FXa, on the short arm in FI and on the short arm in GXa (the latter usually observed as two close 5S rDNA signals in less condensed chromosomes) (Fig. 1N ). In addition to these conserved sites, a minor 45S site was seen on chromosome EI in accessions BCC2004 and H3121. In accession BCC2004, chromosome GXa showed a 45S site on the short arm plus a 5S locus in the distal region of its long arm that were not observed in the other accessions (arrowheads in Fig.  1I and N).
Fluorescence in situ hybridization with pSc119Á2 revealed distal signals of different intensity located in one or both arms in some chromosomes of both sub-genomes. Figure 2 shows the clear diversity among accessions for the presence/absence of this repetitive sequence. For example, note the presence/absence of sub-telomeric signals on the long arm of chromosome EXa in BCC2004 and GRA1147 (arrows in Fig. 1E and 1O, respectively). Polymorphism among plants of the same accession, and within-plant heterozygosity, were also detected. For example, the sub-telomeric signals on the short arms of the FI homologous chromosomes in GRA1147 were present on one member of the pair but absent on the other (asterisks in Fig.  1O ). In addition to the distal signals, the sub-metacentric chromosome EXa showed an interstitial site on the long arm (arrows in Fig. 1B , E, M, O) in all the metaphases analysed, providing a marker of choice for distinguishing this chromosome in all H. secalinum accessions.
Polymorphism for the presence/absence and intensity of several (AAG) 5 and (AAC) 5 signals was observed among accessions (compare the karyotypes in Fig. 2) . Moreover, pattern polymorphism was prevalent among plants of the same accessions and even between homologous chromosomes within plants. For example, polymorphism was seen for the presence/ absence of the two AAG clusters in the short arm of chromosome GI (asterisks in Fig. 1C) , and for the distal signal in the long arm of chromosome CXa (asterisks in Fig. 1E ) in accession BCC2004. 45S rDNA 5S rDNA pSc119·2
Karyotypes of four H. secalinum accessions with the probes indicated. Chromosomes of each karyotype were chosen from the same metaphase. For example, chromosomes of GRA1147 were chosen from the metaphase shown in Fig. 1N and O, and chromosomes of H231 from Fig. 1A and B. To facilitate the visualization of the relative size and localization of the 45S, 5S and pSc119Á2 signals (clearly characterized as shown in Fig. 1 ), the signals were painted over the DAPI-stained chromosomes (top rows). Note that although the presence/absence of polymorphic signals exists within (asterisks) and between the four genotypes, the physical map of each probe was very similar in the different accessions.
FISH-karyotype of H. capense compared with that of H. secalinum
Owing to the limited number of H. capense samples in seed banks, only two H. capense accessions (BCC2062 and H335) were investigated (Fig. 3) . In general, their FISH-karyotypes resembled those of all four H. secalinum accessions studied. In fact, most of the chromosomes essentially shared the same physical map for all the probes analysed (compare Figs 2 and  3H, I ). This allowed homeologies among chromosomes of H. capense and H. secalinum to be established; they were designated by the same letters (A-G) and genome symbol (Xa or I).
Polymorphism was never seen among plants of accession H335, which differed from BCC2062 and all four H. secalinum accessions by the presence of an intergenomic translocation revealed by GISH (arrows in Fig. 3E ). The karyotype revealed chromosomes DXa and CI to be those involved in the reciprocal rearrangement (Fig. 3I) . With this translocation in mind, the chromosomes of accession H335 showed similar hybridization patterns for the set of probes used to those shown by the four H. secalinum accession studied (compare Figs 2 and 3I).
Polymorphism was never observed among BCC2062 plants. However, accession BCC2062 differed from accession H335, and hence from all four H. secalinum accessions studied, by the presence of two pairs of satellitized chromosomes instead of one. This polymorphism is the consequence of the presence of an extra major 45S rDNA locus on one pair of chromosomes belonging to sub-genome Xa (as revealed by GISH) (arrows in Fig. 3A) , in addition to the locus on chromosome GI. Karyotype analyses identified chromosome CXa to be responsible for this polymorphism (compare Figs 2 and 3H, I ). In accession BCC2062, one pair of Xa chromosomes particularly rich in AAG repeats (arrowheads in Fig. 3C ) was seen which must be at least in part homologous to chromosome pair DXa in accession H335 (compare Fig. 3H and I ). In addition to these noticeable chromosomal differences among H. capense accessions, the polymorphism affecting the presence of the minor 45S locus observed in chromosome EI of accession BCC2062 (also observed in H. secalinum accessions BCC2004 and H31121), and the differences in the presence/absence of some sub-telomeric pSc119Á2 signals or AAG and AAC repeats in several locations in H. capense accessions, is comparable with the polymorphism observed in the patterns of these probes among H. secalinum accessions (compare Figs 2 and 3H, I ).
Hordeum marinum in the evolution of H. secalinum and H. capense Genomic in situ hybridization cannot help discern which of the H. marinum taxa was the progenitor of H. secalinum and H. capense: the same results are obtained whether using DNA from H. marinum subsp. marinum or subsp. gussoneanum (Taketa et al., 1999) . However, the H. marinum subspecies differ in terms of the hybridization patterns obtained with several of the probes used in the present work (Carmona et al., 2013a) . Figure 4 shows the evolutionary hypothesis based on the physical mapping of probes pTa71, pTa794, pSc119Á2 and (AAG) 5 on chromosomes belonging to genome Xa in all taxa sharing modifications to the basic Xa genome. The chromosomes of accessions BCC2004 and BCC2062 were chosen to illustrate the sub-genome Xa present in H. secalinum and H. capense, respectively. Similarly, accessions BCC2001, BCC2012 and BCC2011 were taken as representatives of H. marinum subsp. marinum and the diploid and tetraploid cytotypes of H. marinum subsp. gussoneanum, respectively. The hexaploid cytotype of H. brachyantherum accession BCC2046 was included to complete the phylogeny, and inferences were made on the evolution of the sequences analysed for all allopolyploids with the I and Xa genomes. Taking into account the conserved localization of these repetitive sequences, the chromosomes of genome Xa (assigned the letters A-G) in different species must be at least partially homeologous (Fig. 4) .
DISCUSSION
Identification of H. secalinum and H. capense chromosomes
The combination of GISH, FISH and ND-FISH used in the present work clearly identified, for the first time, every chromosome of the closely related species H. secalinum and H. capense. As reported by Taketa et al. (1999) , GISH employing total DNA of H. marinum subsp. gussoneanum as a probe clearly distinguished the sub-genomes Xa and I in these allopolyploids. Each pair of homologous chromosome was then identified after testing ten repetitive DNA sequences as chromosome markers.
As expected, combining the 45S and 5S rDNA probes (pTa71 and pTa794, respectively) identified four chromosome pairs, here named FXa, GXa, FI and GI. These were reliably identified in all accessions of H. secalinum and H. capense. In addition, via the presence of polymorphic 45S rDNA loci (compare karyotypes in Figs 2 and 3H, I ), chromosomes EI and CXa were identified in some of the accessions studied (de Bustos et al., 1996; Takeda et al., 2009) . pSc119Á2, mainly localized to the sub-telomeric regions of some chromosomes, provided an interstitial marker for distinguishing chromosome EXa, and pAs1 is a poor marker for identifying the chromosomes of these species.
Among the six oligonucleotide probes used in the ND-FISH assays, (AG) 10 , (ATC) 5 and (ACT) 5 are useful for identifying different H. vulgare chromosomes (Cuadrado and Jouve, 2007; Carmona et al., 2013b ), but they did not generate a clear and distinctive hybridization pattern for H. secalinum and H. capense. The telomeric probe, which was found interstitially on one chromosome pair and thus provided a marker for it in all cytotypes of H. murinum (Cuadrado et al., 2013) , was only found at the end of the chromosomes in H. secalinum and H. capense. However, the rich pattern of hybridization signals obtained with (AAC) 5 , and particularly with (AAG) 5 , was very useful for identifying H. secalinum chromosomes and distinguishing their counterparts in H. capense.
In summary, (AAC) 5 and (AAG) 5 , in combination with the Triticeae probes pTa71, pTa794 and pSc119Á2, generated sufficient diversity of signals to assess cytogenetic diversity, trace chromosomes rearrangements, elucidate the parents of the H. secalinum and H. capense tetraploids and to investigate species relationships. Xa sub-genome I sub-genome 
Diversity in H. secalinum
Within-accession heterozygosity and variation are assumed in species with outbreeding reproductive systems. Thus, it was not surprising to see that the cytogenetic diversity among accessions GRA1147, H231 and H3121 from Sweden and the UK was less than that seen between these accessions and the geographically more distant Spanish accession BCC2004. Indeed, a geographic distribution pattern emerged for the different genotypes, clearly exemplified by the presence of two types of chromosome GXa with different rDNA patterns (compare karyotypes in Fig. 2) . Pleistocene fragmentation of an earlier widespread population of H. marinum subsp. marinum and survival in glacial refugia has been proposed to be the cause of the differences (inferred from chloroplast data) between Iberian populations of subsp. marinum and those of other geographical origins (Jakob et al., 2007) . In fact, the Spanish populations also have an extra 5S rDNA locus (de Bustos et al., 1996; Carmona et al., 2013b) .
The karyotype of H. secalinum comprised only one satellite chromosome pair (Linde-Laursen et al., 1992) , here named GI. Polyploidization and nucleolar dominance led to the loss of the 45S rDNA genes on the short arm of chromosome GXa in accessions GRA1147, H231 and H3121, and their silencing in accession BCC2004. In turn, these losses/silencing are probably the main cause of the loss of satellitized chromosomes from the Xa sub-genome in H. secalinum. This agrees with the deletion and inactivation of the 45S rDNA loci observed in hybrids and other polyploid members of Hordeum (see, for example, LindeLaursen et al., 1992) . The absence of the minor 45S rDNA site on chromosome EI in the two accessions from Sweden might indicate a common origin for these samples.
As for the ribosomal sequences, the chromosomal diversity among the H. secalinum accessions in terms of the number and intensity of sub-telomeric pScs119Á2 sites agrees with the intraspecific variation seen in other members of Triticeae, including Hordeum bulbosum and Hordeum chilense (Pickerin et al., 2006; Martin and Cabrera, 2008) . In addition, the polymorphisms revealed when comparing the banding patterns of (AAG) 5 and (AAC) 5 agree with the intraspecific variation seen for these sequences in other members of Triticeae (Badaeva et al., 2016) , including cultivated barley (Carmona et al., 2013b) .
Diversity in H. capense
The low-level chromosomal diversity seen between the four accessions of H. secalinum collected from different parts of Europe contrasted with the considerable cytogenetic diversity observed between the two H. capense accessions analysed, especially bearing in mind that this species is restricted to South Africa.
Accession H335 differs from all of the others analysed here by the presence of an intergenomic translocation previously reported by Takeda et al. (2009) . Although these authors combined GISH and FISH employing the rDNA probes, they were unable to identify the chromosomes involved in this rearrangement. The present results show (by the relocation of AAG clusters) that this is a reciprocal translocation involving chromosomes DXa and CI. However, the karyotypes reveal low-level interspecific differences with H. secalinum (compare Figs 2 and 3I) . In fact, the differences found among the H. secalinum accessions analysed are comparable with the differences observed between H. secalinum and the H. capense accession H335, indicating that they represent the same hybridization/polyploidization event. This result supports the conclusion that H. capense and H. secalinum are closely related, and that H. capense arose from H. secalinum (Nishikawa et al., 2002; Blattner, 2004) , or that the two species have a common hybrid origin (Petersen and Seberg, 2004) .
If the translocation present in H335 is ignored, the FISHkaryotype comparison of the H. capense accessions reveals minor differences in the number of chromosome ends carrying pSc119Á2 sites, as well as in the presence/absence of the minor 45S rDNA locus on chromosome EI, and in some (AAC) 5 and (AAG) 5 signals (compare Fig. 3H and I) . A level of polymorphism that was coincident with the observed among the H. secalinum accessions studied. However, it is remarkable that two chromosomes pairs of sub-genome Xa (CXa and DXa) present in accession BCC2062 should differ so notably from their counterparts in accession H335 and H. secalinum. It was impossible to determine the origin of the extra nucleolar organizer region observed in the satellite chromosome CXa. The large number of AAG repeats on chromosome DXa in accession BCC2062 could also not be determined.
The allopolyploid origin of H. secalinum and H. capense Many allopolyploids have originated multiple times, with the involvement of different genotypes of the same diploids (a significant source of genetic variation) (Soltis et al., 2009) . Evidence of genome reorganization (immediately after polyploidization) has been found in recently formed polyploids, resulting in a loss of DNA and changes in gene expression plus chromosomal instability Soltis et al., 2015) . The present data cannot show whether H. secalinum was formed by recurrent hybridization/polyploidization events. The cytogenetic diversity observed among accessions might have existed in the progenitors before the hybridization event, or could have originated by genome remodelling after polyploidization during species diversification. However, if some of the populations analysed here were of multiple origin, the diploid progenitors would have been very similar at the chromosomal level.
Considering the scant cytogenetic divergence among the four H. secalinum accessions analysed compared with that observed among the H. capense accessions, and given the similarities among H335 and the H. secalinum accessions, two scenarios can be proposed to reconstruct the allopolyploid origin of H. capense. The ambiguity surrounding a mono-or polyphyletic origin for H. capense is made clear in Fig. 4 . Assuming a monophyletic origin, and considering the dynamic nature of the tandemly repeated sequences, the gain of 45SrDNA genes and AAG repeats by chromosome CXa and DXa, respectively, might be the cause of the main karyotypes differences among the H. capense accessions. This idea is supported by the fact that the number of satellitized chromosomes varies within species, a consequence of the gain or loss of rDNA loci. Similar observations have been made for Hordeum pubiflorum (Taketa et al., 2001 ) and H. brachyantherum subsp.
californicum (Carmona et al., 2016) . Assuming a monophyletic origin for H. capense, the rate of chromosomal change must have been greater than that affecting H. secalinum, and predominantly affected sub-genome Xa in accession BCC2062. However, a polyphyletic origin of H. capense is also possible, with populations such as H335 having the same origin as H. secalinum and with others such as BCC2062 having a different Xa genome donor. The absence of any alteration in morphology, and the stability of the repetitive DNA in the I subgenome, supports the idea that the chromosome differences in the Xa sub-genomes observed within H. capense must have come about before any hybridization/polyploidization event.
Phylogeny and polyploid relationships
Differences between species in terms of loci number and their locations were used to infer the trends in chromosome alterations during H. marinum diversification (Carmona et al., 2013a) . Examination of the conserved localizations of the repetitive sequences shown in Fig. 4 reveals the seven chromosome pairs identified by GISH as belonging to sub-genome Xa in H. secalinum accession BCC2004 to match clearly those of H. marinum subsp. gussoneanum. Moreover, given the low cytogenetic diversity observed among the H. secalinum accessions, it might be assumed that the diploid cytotype of H. marinum subsp. gussoneanum was the only Xa genome donor As in the present report, these authors observed polymorphism in the presence/absence of 5S rDNA loci among H. secalinum accessions, but the other probes used in the present work suggest that only H. marinum subsp. gussoneanum was involved. The H. marinum subsp. gussoneanum chromosomes belonging to the sub-genome Xa were clearly observed in H. capense H335. However, as discussed above, notable differences were seen with respect to the sub-genome Xa present in H. capense accession BCC2062. As far as we know, no member of the subsp. gussoneanum and subsp. marinum populations carry an additional satellitized chromosome pair as observed for chromosome CXa of H. capense accession BCC2062 (Linde-Laursen et al., 1992; de Bustos et al., 1996; Taketa et al., 1999; Jahan and Vahidy, 2007; Carmona et al., 2013a) . This precludes their involvement in the origin of H. capense being tested. Figure 4 shows that neither the Xa sub-genome in the tetraploid cytotype of H. marinum subsp. gussoneanum nor the hexaploid cytotype of H. brachyantherum subsp. brachyantherum derived from the diploid cytotype of H. marinum subsp. gussoneanum suffered changes within the repetitive sequences analysed following polyploidization and diversification (see Fig. 4 ). In addition, only minor differences were seen between sub-genome Xa of H. secalinum and H. capense accession H335 with respect to H. marinum subsp. gussoneanum. This suggests that H. capense accession BCC2062 had a hybrid origin involving different Xa genome progenitors. A possible polyphyletic origin for H. capense, and differences in the accessions analysed by different authors, might explain the disagreement between molecular phylogenetic studies regarding which subspecies of H. marinum was the progenitor of H. capense (Nishikawa et al., 2002; Petersen and Seberg, 2004) . Assuming a polyphyletic origin for H. capense, the sub-genome Xa in accession BCC2062 might be interpreted as indicative of it having an extinct progenitor more closely related to H. marinum subsp. gussoneanum than to H. marinum subsp. marinum. This must have evolved from a common ancestor following the acquisition of the gussoneanum-specific 5S rDNA loci on the long arm of chromosome G and the interstialization of pSc119Á2 on chromosome E (see arrows in Fig. 4) . However, this ancestor must also have had a chromosome D more enriched in AAG repeats than that seen in H. marinum subsp. gussoneanum (see asterisks in Fig. 4 ). An extinct H. marinum lineage closely related to H. marinum subsp. marinum, along with diploid H. marinum subsp. gussoneanum, have been assumed to be involved in the origin of the tetraploid cytotype of H. marinum subsp. gussoneanum (Brassac et al., 2012; Carmona et al., 2013a) (Fig. 4) .
The present results reveal strong similarities between chromosomes belonging to the I sub-genomes of H. secalinum and H. capense. This supports the involvement of a common I-genome donor for both species. The Hordeum I genome group, which includes many polyploids and 14 diploid species, is the largest in the genus (von Bothmer et al., 1995) . Taketa et al. (2001) characterized all diploid species of Hordeum with the I genome on the basis of the physical locations of the 5S and 45S rDNA loci. However, as far as we know, detailed karyotype maps combining multiple markers, such as those produced here for H. secalinum and H. capense, have only been published for Hordeum chilense, Hordeum roshevitzii and H. brachyantherum subsp. californicum (Hagras et al., 2005; Martin and Cabrera, 2008; Carmona et al., 2016) . The FISHkaryotype of the sub-genome I of H. secalinum and H. capense did not match the FISH-karyotype of any species so far analysed; the I genome donor of H. secalinum and H. capense cannot, therefore, be inferred from chromosome analysis. Molecular phylogenies have suggested different species either from Asia, such as Hordeum brevisubulatun (Petersen and Seberg, 2004) , or from South America, such as Hordeum muticum (Baum and Johnson, 2003) or H. comosum (or a close relative) (Jakob et al., 2004; Blattner, 2006) . When analysing sequences of TOPO6, Brassac et al. (2012) inferred that an extinct diploid I genome progenitor was involved in H. secalinum and H. capense allopolyploid formation. That an extinct progenitor of Asian and American I genome species was involved in the origin of both polyploids could be concluded after analysing many other sequences (Brassac and Blattner, 2015) .
When examining the evolution of plants, karyotyping would appear to be an indispensable complement to molecular phylogenetic analysis, especially when dealing with genera in which hybridization and polyploidization have played crucial roles. Cytogenetic maps record the history of the karyotype changes that have occurred during diversification. Analysing the location of repetitive sequences could be used for karyotyping the I genome species of Hordeum. This might improve our knowledge of species relationships and allow us to infer which species (or extinct lineages) were most likely to be involved in the origin of H. secalinum and H. capense. According to Brassac and Blattner (2015) , analysing 2x H. brevisubulatum, H. bogdanii and H. californicum might help to reconstruct this ancient I genome karyotype.
Concluding remarks
The present results reveal the genome structure of H. secalinum and H. capense, and provide insight into their origin and phylogenetic relationship. The diploid cytotype of H. marinum subsp. gussoneanum was the Xa genome species involved in the origin of H. secalinum and some of the H. capense accessions studied. Either H. capense underwent significant genomic and chromosomal modification during its diversification, or the species has a polyphyletic origin involving a now extinct Xa genome progenitor closely related to H. marinum subsp. gussoneanum. The I genome progenitor involved in the allopolyploid formation of H. secalinum and H. capense remains unknown, although the karyotypes produced suggest that the same I genome donor was involved in the origin of both polyploids.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of Figure S1 : ND-FISH performed on three metaphases of accessions BCC2062, BCC2004 and BCC2062, to illustrate the patterns obtained with probes (AG) 10 , (ATC) 5 and (ACT) 5 in H. secalinum and H. capense.
